The first question that arises is whether the dispersion of fluorescence to the intersynaptic axonal regions upon subsequent movement to the edges of the synapse where endocytosis is thought to occur. To look for such stimulation reflects diffusion of VAMP on the surface membrane or intracellular movement of vesicles. Sevmovement of VAMP-EGFP, we imaged synapses before, during, and after exocytosis triggered by action poteneral observations suggest that the fluorescence dispersion we observe is dependent on exocytosis and subsetials. When a stimulus of 300 action potentials is delivered, fluorescence spots became elongated along the quent diffusion of VAMP-EGFP in the plasma membrane. First, when FM1-43-labeled synapses are stimulated, axis of the axon ( Figure 1A) . Remarkably, when electrical stimulation was terminated, the distribution of fluoresone does not observe any lateral movement of fluorescence; there is only the slow loss of fluorescence at cence recovered to a clustered form ( Figure 1A ). A third argument supporting dispersion of VAMP over the entire synapse-the central region of the bouton and the adjacent axonal regions-we obtain the time along the plasma membrane comes from the following experiment suggested by a recent study using ecl-spH course of endocytosis. Reclustering time course is estimated by measuring fluorescence change in the peri-(Sankaranarayanan and Ryan, 2001). We used the pH dependence of EGFP fluorescence to measure the time synaptic regions (Figure 2A) . The results from a single experiment using VAMPcourse of exocytosis and endocytosis. EGFP fluorescence increases 3-fold when going from the acidic envi-EGFP are illustrated in Figure 2B . The experiments confirm our prediction that peripheral fluorescence should ronment within vesicles (pH ‫)5. Figure 2C shows a typical experiment with a set of synapses expressing ecl-spH. The time course of recovto free vesicles from their cluster and disperse them laterally, we would observe this as an increase in the ery of fluorescence at peripheral regions was indistinguishable from the time course for the entire synapse fluorescence in the peripheral regions of the synapse. This was not the case in three of three experiments (entire synapse: 66.1 Ϯ 6.58 s, periphery: 68.6 Ϯ 8.23, n ϭ 240 synapses, ten experiments). This is in contrast (Figure 1D ), strengthening the argument that dispersion of VAMP-EGFP into intersynaptic axonal regions is due to the behavior of VAMP-EGFP ( Figure 2B ). Therefore, we conclude that the slower fluorescence recovery seen to exocytosis and subsequent diffusion on the plasma membrane.
The first question that arises is whether the dispersion of fluorescence to the intersynaptic axonal regions upon subsequent movement to the edges of the synapse where endocytosis is thought to occur. To look for such stimulation reflects diffusion of VAMP on the surface membrane or intracellular movement of vesicles. Sevmovement of VAMP-EGFP, we imaged synapses before, during, and after exocytosis triggered by action poteneral observations suggest that the fluorescence dispersion we observe is dependent on exocytosis and subsetials. When a stimulus of 300 action potentials is delivered, fluorescence spots became elongated along the quent diffusion of VAMP-EGFP in the plasma membrane. First, when FM1-43-labeled synapses are stimulated, axis of the axon ( Figure 1A) . Remarkably, when electrical stimulation was terminated, the distribution of fluoresone does not observe any lateral movement of fluorescence; there is only the slow loss of fluorescence at cence recovered to a clustered form ( Figure 1A ). synaptic sites due to exocytosis. Second, the same disinternalized VAMP-EGFP to the center of the synapse. If each of these processes is considered to occur nearly persion is observed with ecl-spH (Sankaranarayanan and Ryan, 2000; our data). Since ecl-spH is nearly invisiirreversibly on the time scale and conditions of our experiments, a simple analytical solution can be obtained ble when resident on vesicles, the visible dispersion could only reflect movement of plasma membrane-resiin terms of the rate constants for the two processes (see Appendix). By measuring the fluorescence change dent proteins.
A third argument supporting dispersion of VAMP over the entire synapse-the central region of the bouton and the adjacent axonal regions-we obtain the time along the plasma membrane comes from the following experiment suggested by a recent study using ecl-spH course of endocytosis. Reclustering time course is estimated by measuring fluorescence change in the peri- (Sankaranarayanan and Ryan, 2001 ). We used the pH dependence of EGFP fluorescence to measure the time synaptic regions (Figure 2A) . The results from a single experiment using VAMPcourse of exocytosis and endocytosis. EGFP fluorescence increases 3-fold when going from the acidic envi-EGFP are illustrated in Figure 2B . The experiments confirm our prediction that peripheral fluorescence should ronment within vesicles (pH ‫)5.5ف‬ to the neutral environment of the extracellular space (Kneen et al., 1998; Llopis recover more slowly than the overall fluorescence at the synapse. Figure 2B , this porated into the plasma membrane.
Finally, we ruled out activity-dependent lateral disperis not so for VAMP-EGFP. To further illustrate this point, we compared the time course of fluorescence loss in sion of intracellular vesicle cluster by using tetanus toxin to inhibit exocytosis without altering calcium influx the peripheral regions with that for the entire synapse in experiments using ecl-spH. Since acidification of syn- (Schiavo et al., 1992) . After incubating cultures in tetanus toxin for 16 hr, evoked release is severely impaired aptic vesicles occurs rapidly upon endocytosis (Sankaranarayanan and Ryan, 2000), the fluorescence change (Neale et al., 1999; Figure 1D , no change in fluorescence over the synapse). This toxin does not affect action poof ecl-spH would reflect endocytosis, whether measured in the peripheral regions or over the entire synapse. tential-evoked calcium influx into synaptic terminals (Dreyer et al., 1983). If calcium-mediated signaling were Figure 2C shows a typical experiment with a set of synapses expressing ecl-spH. The time course of recovto free vesicles from their cluster and disperse them laterally, we would observe this as an increase in the ery of fluorescence at peripheral regions was indistinguishable from the time course for the entire synapse fluorescence in the peripheral regions of the synapse. This was not the case in three of three experiments (entire synapse: 66.1 Ϯ 6.58 s, periphery: 68.6 Ϯ 8.23, n ϭ 240 synapses, ten experiments). This is in contrast (Figure 1D ), strengthening the argument that dispersion of VAMP-EGFP into intersynaptic axonal regions is due to the behavior of VAMP-EGFP ( Figure 2B ). Therefore, we conclude that the slower fluorescence recovery seen to exocytosis and subsequent diffusion on the plasma membrane.
at the periphery with VAMP-EGFP reflects the transport of vesicles back to the center. Our experiments do not rule out simultaneous endocytosis in the central regions.
Reclustering Is Separable from Endocytosis
Since the time course of recovery of fluorescence is Recently, ecl-spH has been used to track endocytosis similar in the central and the peripheral regions for eclat hippocampal synapses ( Figures  3A-3C ). In response to 300 APs at 10 Hz, dispersion and reclustering of synaptophysin-EGFP were also essentially identical to those of VAMP-EGFP ( Figure 3D ). Since EGFP is cytoplasmic in this fusion protein, exocytosis did not lead to a significant increase in the fluorescence of this reporter. The dispersion of the protein to axonal regions, however, mimicked VAMP-EGFP dispersion. After termination of stimulation, recovery of fluorescence in the axonal region occurred after a short delay, at a rate very similar to VAMP-EGFP (time constant of 115.4 Ϯ 6.81 s, n ϭ 46 synapses, three experiments; Figure 3D ).
Time Course of Reclustering Is Slowed by Activity but Is Unaffected by Exogenous Calcium Buffers
Since the time course of endocytosis is altered by activity (Sankaranarayanan and Ryan, 2000), we wondered if reclustering was also affected by activity. We used VAMP-EGFP-expressing neurons to measure reclustering rates as a function of stimulus duration. In addition, we used ecl-spH to measure rates of endocytosis because of its better signal-to-noise ratio. Figure 4A shows the average time course of endocytosis following 100 AP and 300 AP stimulus from one experiment. The time constant following 300 AP is clearly larger than that for 100 AP, and this was confirmed by averages from multiple experiments. Figure 4B shows that the time course of reclustering is also significantly altered by the amount of exocytosis evoked. In fact, as seen in Figure  4C , the time course of reclustering was slower than the time course of endocytosis for each stimulus strength. This suggests that at least two separate steps in the recycling process are altered by activity. We tested whether the variation in the time course of recovery observed in different experiments in which identical stimuli were delivered was due to variation in the degree of exocytosis. As seen in Figure 4D , there was a strong correlation between the fractional fluorescence change (related to exocytosis) and the time constant of endocytosis as well as reclustering (r 2 Ͼ 0.9, p Ͻ 0.01 for both quantities). This suggests that, even for a constant stimulus, the actual degree of exocytosis determines the subsequent rate of endocytosis and reclustering.
There is increasing evidence for the requirement of calcium ions in endocytosis at synapses (Gad et al. Our results are nevertheless somewhat inconclusive, of synapses were studied before and after addition of EGTA-AM. The ratio of the time constant after EGTAsince we were unable to confirm directly that a dynamic cytoskeleton is absent at the presynaptic terminal be-AM treatment to the time constant before treatment reveals a significant slowing of endocytosis (p Ͻ 0.01, cause of the small size of the terminals. We next investigated the role of protein kinases in paired t test) and no change in reclustering time course (p Ͼ 0.4). reclustering using the nonspecific kinase inhibitor staurosporine. This compound is thought to inhibit protein kinase C, as well as other kinases, such as calcium/ What Are the Mechanisms in Reclustering? Since endocytosed synaptic vesicles return to the syncalmodulin-dependent kinases. Staurosporine decreases the amount of exocytosis, as evidenced by a decrease apse rather than assuming a uniform distribution in the axon, we suspected an active mechanism in the transin the amount of fluorescence ( Figure 6B ). The most robust effect cent to synaptic boutons. We wondered if this dispersion could lead to mixing of synaptic vesicle proteins bewas a nearly 2-fold slowing of reclustering (Table 1, Figure 6B ). tween neighboring synapses. To test this, we used the method of fluorescence recovery after photobleaching. Protein kinase C (PKC) has been implicated in vesicle mobilization in some synapses (Stevens and Sullivan, Using high-intensity laser illumination, we first photobleached a VAMP-EGFP-labeled synapse. If there were 1998). Since PKC is one of the targets of staurosporine, we wondered whether activation of PKC has an effect no movement of vesicles between synapses, the photobleached synapse should not recover much fluoreson reclustering. We treated neurons with the phorbol ester phorbol 12-myristate 13-acetate (PMA) for 10 min cence as long as the synapse is at rest (some recovery is expected, since there will be exchange of surface and investigated its effect on the extent and time course of exocytosis, endocytosis, and reclustering. Previous VAMP with neighboring axonal regions). This was indeed the case for periods of minutes (Figure 7) . In contrast, studies indicate that phorbol esters increase spontaneous as well evoked release during low-frequency stimuwhen synaptic activity is evoked, unbleached VAMP-EGFP from neighboring synapses will diffuse along the lation (Parfitt and Madison, 1993; Stevens and Sullivan, 1998; Waters and Smith, 2000). Our experiments indiaxon and will be incorporated into newly formed vesicles of the bleached synapse. This prediction is confirmed cate that during higher frequency stimulation (10 Hz), release during the first few stimuli is increased in PMAby experiments (Figure 7) . Several arguments support the idea that the recovery treated synapses compared to those treated with the inactive phorbol ester, 4␣-phorbol 12-myristate 13-aceof fluorescence in bleached synapses is due to movement of VAMP-EGFP from neighboring synapses. First, tate (fractional fluorescence increase after 50 APs was 0.061 Ϯ 0.013 in control synapses and 0.116 Ϯ 0.021 in the total fluorescence measured over several synapses shows an increase upon stimulation (due to pH change PMA-treated synapses, n ϭ 4 experiments). The fluorescence increase after 300 stimuli, however, is not signifiencountered by VAMP-EGFP) but recovers to its prestimulus value after stimulus is terminated (Figure 7 , line lacantly different from control (Table 1 ). The time course of endocytosis and reclustering were also not significantly beled "1ϩ2ϩ3"). The fluorescence in the bleached synapse, however, shows a net increase after stimulation different (Table 1, Figure 6C ). porated into vesicles. This is because the fluorescence over the synapse is the sum of surface and internal fluorescence, and the fluorescence per EGFP in vesicles (line labeled "2"). Synapses adjacent to the bleached is three times lower than its fluorescence in the plasma synapse lose an equivalent amount of fluorescence, membrane. Therefore, at rest, about 35% of the fluoressuggesting that they are the source of the recovered cence is due to surface VAMP-EGFP. Correcting for fluorescence in the bleached synapse. A second arguthis, the 58% recovery observed following 300 action ment that supports our idea that recovery requires latpotentials ( Figure 7C ) implies that about 30% of VAMPeral movement of fluorescent proteins from neighboring EGFP in the synaptic vesicles of the bleached synapse is synapses is the following. In isolated synapses with the now from its neighboring synapses (Appendix). Another nearest vesicle cluster at least 10 m away, recovery way to understand this is to note that, even in the abafter photobleaching is very slow and is not accelerated sence of stimulation, about 28% of fluorescence is recovby activity ( Figure 7A, box labeled "4," Figure 7C , gray ered at bleached synapses-this presumably corresponds circle). Finally, in tetanus toxin-treated cells, there was to surface VAMP-EGFP. So, the extra fluorescence relittle recovery of VAMP-EGFP in the bleached synapse, covered after stimulation is ‫,%03ف‬ which would be veeven after a 300 AP stimulus ( Figure 7C, open circle) . sicular VAMP-EGFP. Since increasing synaptic activity leads to greater surface dispersion of VAMP-EGFP, the degree of recovery of VAMP-EGFP fluorescence should depend on activity. Discussion We tested this by comparing the recovery obtained following 100 action potentials with that following 300 acThe rapid increase in the information about the identity of molecular components involved in synaptic vesicle tion potentials. Figure 7C shows the summary data from several experiments confirming our expectation.
recycling has catalyzed physiological experiments aimed at understanding the mechanistic basis of this It might seem surprising that the fluorescence at the bleached synapse recovers to nearly 60% of its preprocess. By perturbing different protein-protein interactions and observing their effects on synaptic physiology, bleach value. This can be understood by realizing that the amount of recovery of fluorescence does not directly potentially important late steps in release and early in astrocytes, loss of actin from dendritic spines), we stickiness to them, and they will take longer to find the synaptic vesicle cluster. could not be sure that actin in the presynaptic terminal Previous experiments have indicated that, following was disrupted. Since it was difficult to observe robust endocytosis, the vesicle can remain largely intact, withstaining of actin (with phalloidin or actin-GFP) in presynout mixing with intermediate compartments during recyaptic terminals in our mass cultures, we were not able cling (Murthy and Stevens, 1998 ). This, however, does to look for disruption of this staining after latrunculin not imply preservation of vesicular components in the treatment. Therefore, it remains possible that a small step(s) between exocytosis and endocytosis. In fact, the but essential pool of filamentous actin remains resistant present study indicates that vesicular proteins such as to our treatment and participates in reclustering. A re-VAMP diffuse relatively quickly along the plasma memcent study indicated that disruption of actin using latrunbrane, and endocytosis will reclaim proteins that origiculin A causes an increase in release probability but no nally belonged to different vesicles. In fact, mixing of alteration in the rate of refilling of the readily releasable vesicular components can occur even across neighpool (Morales et al., 2000) .
boring synapses (Figure 7) . The critical issue, however, We found that the kinase inhibitor staurosporine slows is whether the process of endocytosis is efficient in down reclustering. Although the exact target of stauroselectively recruiting the appropriate vesicular proteins sporine is unclear at present, PKC is a likely candidate, for each new vesicle formed. If this is so, then there is since its activation is thought to speed up refilling of no logical requirement for further sorting. Similar rates the readily releasable pool (Stevens and Sullivan, 1998).
of reclustering observed for VAMP and synaptophysin If inhibition of PKC is responsible for slowing down reargue for common vesicular carriers, which will also clustering, activation of this kinase may have the oppoobviate a need for sorting. site effect. Our experiments did not support this expecThe observation that a vesicle protein can move from tation. It may be because stimulation with 300 APs may one synapse to a neighboring one following sustained maximally activate PKC and addition of phorbol esters activity raises interesting questions regarding the indemay not have additional effect. Monitoring reclustering pendence of adjacent synapses (Engert and Bonhoeffer, after weak stimuli might reveal a role for PKC. We are 1997; Murthy, 1997). The efficacy of presynaptic function currently testing whether other kinases play a role in is presumably determined by vesicle pool sizes and how reclustering. One potential candidate is myosin light release is drawn from them. These physical parameters chain kinase, since it is thought to play a role in mobilizawill be dictated in turn by the molecular state of the tion of vesicles at hippocampal synapses (Ryan, 1999) . components, such as the extent of phosphorylation or Interestingly, staurosporine is also thought to inhibit isoform identity. If these molecules are able to move vesicle mobilization at some synapses ( docytosis following fusion occurs at the peripheral rethey will be able to reattach themselves to the newly gions surrounding the active zone. An additional step endocytosed vesicle and confer stickiness to it. Even in vesicle trafficking involving the transport of endocyif the newly formed vesicle makes random Brownian tosed vesicles to the main vesicle cluster was directly movements along the axon, it will soon encounter the visualized. Increasing activity slows the rate of endocynearest vesicle cluster and get stuck there. When kinase tosis as well as reclustering. We could not find evidence activity is blocked, vesicles are not loosened, and synfor the role of actin filaments and microtubules in reclusapsins do not dissociate from the vesicles. Newly endotering. Protein kinases, however, appear to regulate the rate of reclustering. cytosed vesicles will not have free synapsins to confer
Experimental Procedures
VAMP fusion proteins were excited using 470-490 nm, and the emitted light was collected through a 505-550 nm band-pass filter. For FM4-64 imaging, excitation was at 530 Ϯ 20 nm, and emitted light Cultures and Transfection Hippocampal neurons were dissociated from 1-to 3-day-old rats, was collected using a 590 nm long-pass filter. Images were typically collected using the entire chip (1280 ϫ 1024 pixels, 0.11 m pixel using methods described previously (Murthy et al., 1997) . VAMP2-EGFP construct was a gift from Richard Scheller. Ecliptic synaptopHlusize in the images) and stored for offline analysis. The photobleaching experiments with VAMP-EGFP were done using a confocal miorin (Miesenbock et al., 1998) and superecliptic synaptopHluorin (with substitutions F64L and S65T) were gifts from James Rothman.
croscope (Fluoview, Olympus) attached to a BX50-WI upright microscope, using a 40ϫ, 0.8NA water immersion lens. The 488 nm line These two proteins have GFP fused to the lumenal C terminus of VAMP. Synaptophysin-EGFP (EGFP fused to the C terminus of synof an Argon laser was used for excitation, and the emitted light was filtered with a 505-550 band-pass filter. The pinhole was set to be aptophysin) was a gift of Jane Sullivan. Neurons were typically transfected at 6-7 days in vitro using the calcium phosphate method ( 
